Introduction
Hypopharyngeal cancer is not very prevalent accounting for 2.8%-6.5% of upper aerodigestive tract (UADT) cancers. [1] [2] [3] Tumors arising from the hypopharyngeal regions have specific clinicopathological characteristics distinguishing them from other UADT cancers. [4] [5] [6] [7] At diagnosis, 56.7%-80.5% of patients have T3/T4 disease and 56.7%-83.7% have regional nodal metastasis (N+). Approximately 70%-87% of tumors are in advanced stages (III/IV disease) at initial presentation. 4, 5, [7] [8] [9] [10] [11] [12] Despite aggressive combined treatment modalities, the prognosis of hypopharyngeal cancer remains the worst among UADT cancers.
Understanding the significance of the primary tumor characteristics and regional nodal metastases is of critical importance for gaining important insights into cancer growth and enabling more rational therapy decisions in clinical practice. We have previously demonstrated that some pathological characteristics are important prognostic factors. 8 The lymph node density (LND) in hypopharyngeal cancer is believed to be of greater prognostic value than traditional nodal staging, 8, 11, 12, 14 which is calculated as the number of metastatic lymph nodes (LNs) divided by the total number of resected LNs. Additionally, the depth of invasion (DOI) [15] [16] [17] and the primary tumor volume (PTV) 9, 10, 18 are found to provide prognostic information in hypopharyngeal cancer. The DOI is measured as the deepest structure reached by the primary tumor. The PTV is a threedimensional concept that can be calculated with a modified formula 19, 20 : PTV (mL) = tumor maximal diameter (mm) × tumor minimal diameter (mm) × DOI (mm) ÷ 2×10 −3 . In this study, we sought to gain a further insight into potential variables of surgical specimens that might hold promise for improving prognosis.
Patients and methods study population
This retrospective study was approved by the Institutional Review Board of the Fudan University Shanghai Cancer Center. All patients provided written informed consent to participate. The study was performed in accordance with the principles of the Declaration of Helsinki and its amendments.
Between August 2007 and December 2016, the medical records of patients with primary hypopharyngeal squamous cell carcinoma (HPSCC) undergoing radical surgery at the Fudan University Shanghai Cancer Center were reviewed. The eligibility criteria were as follows: 1) histologically confirmed SCC in the hypopharyngeal region; 2) received radical resection of primary tumor and metastatic LNs with negative margin microscopically; 3) cervical nodal status initially evaluated with contrast-enhanced MRI or computed tomography (CT) preoperatively; 4) no preoperative chemotherapy or radiotherapy; and 5) no previous history of cervical LN dissection. Patients who were diagnosed with carcinoma in situ, who underwent incomplete primary tumor dissection with positive margin, or who experienced HPSCC recurrence were excluded.
Patients were screened with a full workup before treatment, including a complete medical history, physical examination, electronic laryngoscope examination, esophageal barium meal examination, contrast-enhanced MRI or CT scan of the neck, plain chest CT scan, abdominal ultrasound, whole-body single-photon emission CT bone scan, complete blood count, and serum biochemistry profile. The tumor stage was classified using the seventh edition of the American Joint Committee on Cancer (AJCC) staging system.
surgery and adjuvant therapy
All patients underwent radical hypopharyngectomy and neck nodal dissection. Radical neck dissection was performed ipsilaterally in patients with clinically positive nodal metastasis (cN+), which involves levels II to VI or level I involvement. In case of contralateral clinically negative nodal metastasis (cN-), elective neck dissection (END) for contralateral neck was carried out in patients with tumors approaching or crossing the midline of the sagittal plane or tumor arising from the posterior wall or postcricoid regions. With regard to bilateral cN-, ipsilateral END was adopted in patients with lesion in pyriform sinus unilaterally not approaching the midline. Otherwise, bilateral END was performed. The scope of END included levels II to IV or level VI involvement.
Postoperative radiotherapy was recommended based on pathological findings, including 1) a primary pathological tumor classification (pT) of 3 or above, 2) close margins (<5 mm), 3) a pathological nodal classification (pN) of 2 or above, 4) extracapsular spread (ECS) of the LN, 5) perineural invasion, and 6) lymphovascular invasion. Radiotherapy was administered in the form of intensity-modulated radiotherapy with 6 megavoltage photons. The prescribed dose was 2.0 Gy in a daily fraction, given 5 days per week. The total dose was 60 Gy to high-risk microinvasive areas (CTV1) and 54 Gy to low-risk areas (CTV2). The CTV1 included the tumor bed of primary lesion with a concentrically isotropic margin of 2 cm in upward and downward directions, lymphatic areas of level II, III, VA, and VIII, and the station of the pathologically positive lymph nodes. The CTV2 were the lymphatics of level IV and VB. The tumor bed was boost to 66 Gy in selective cases with extensive preoperative tumor load. CTV2 was not considered in case of pN0 classification. For patients with ECS, concurrent chemotherapy with cisplatin-based agents was administered at 80 mg/m 2 every 3 weeks or 40 mg/m 2 weekly.
Follow-up and clinical endpoints
After the completion of treatment, patients received regular examinations at outpatient clinics at 3-month intervals during the first 2 years, every 6 months in the third to fifth years, and annually thereafter. The endpoints were OS, disease-specific survival (DSS), and disease-free survival (DFS). All endpoints were defined as the time interval between the initial therapy and the date of failure. For patients who were still alive or showed no progressive disease, the latest date of follow-up was recorded.
histopathological analysis
All surgical specimens were oriented and labeled by the surgeons before being fixed in 10% buffered formalin and embedded in paraffin. The specimens were sectioned for routine H&E staining. The histopathological review was performed by two experienced pathologists who were blinded to the patients' medical information. When significant disagreement occurred, a third pathologist was needed to minimize the deviation. The DOI was measured from the basement membrane to the deepest point of the tumor. The dimension A was taken in exophytic tumor ( Figure 1A ) and dimension B in ulcerative type ( Figure 1B ).
statistical analysis
The SPSS version 22.0 (IBM, Armonk, NY, USA) was used for the data analysis. Receiver operating characteristic (ROC) analysis was applied to evaluate the optimal threshold values of variables for predicting survival. Pearson correlation coefficients were used to assess the correlations between variables. Survival curves for OS, DSS, and DFS were obtained utilizing the Kaplan-Meier method. Log-rank tests were performed to explore the significance of the tested variables on survival outcomes. Univariate and multivariate Cox proportional hazards regression analyses were carried out to assess the significance of variables associated with clinical outcomes. All variables identified in the univariate analysis were entered into the multivariate analysis. Logminus-log plots were used to evaluate the proportional hazard assumption. Any result with a two-sided P-value <0.05 was considered statistically significant.
Results

Basic characteristics
A total of 93 HPSCC patients were eligible for this study, and their clinicopathological features are provided in Table  1 . The affected subsites were the pyriform sinus in 81 cases, the postcricoid area in 6 cases, and the posterior pharyngeal wall in 6 cases. All patients underwent neck nodal dissection, 31 (33.3%) received bilateral dissection, and 62 (66.7%) had unilateral dissection. Based on the seventh edition of the AJCC staging system, there were 6 (6.5%) patients in stage I, 6 (6.5%) in stage II, 14 (15.1%) in stage III, and 67 (72.0%) in stage IV.
In general, the median follow-up time was 33.1 months, ranging from 6.1 to 110.7 months. Throughout the period, 23 (24.7%) patients developed locoregional recurrence, 32 (34.4%) experienced distant metastasis, and 38 (40.9%) died. The 3-and 5-year OS, DSS, and DFS rates were 72.9%, 64.9%, 63.4%, and 52.0%, 50.3%, 45.8%, respectively.
ROC curve analysis was performed to evaluate the optimal cutoff values of the potential variables for mortality. Cutoff thresholds of 4.3, 0.36, and 0.07 were chosen for the DOI, PTV, and LND, respectively.
survival analysis
In terms of the DOI, there were 68 (73.1%) patients with DOI ≥4.3 mm and 25 (26.9%) with DOI <4.3 mm. Patients with higher DOI had inferior OS (3-year: 68.7% vs 85.4%; 5-year: 44.7% vs 75.9%, P=0.006; Figure 2A ), DSS (3-year: 59.6% vs 80.0%; 5-year: 40.9% vs 80.0%, P=0.002; Figure  2B ), and DFS (3-year: 59.6% vs 73.3%; 5-year: 39.1% vs 65.2%, P=0.004; Figure 2C ). With regard to the PTV, there were 68 (73.1%) patients with PTV ≥0.36 mL and 25 (26.9%) with PTV <0.36 mL. Similarly, patients with high PTV suffered poorer OS (3-year: 70.6% vs 79.0%; 5-year: 47.8% vs 63.2%, P=0.031; Figure 2D ), DSS (3-year: 70.6% vs 76.0%; 5-year: 47.8% vs 69.7%, P=0.013; Figure 2E ), and DFS (3-year: 60.9% vs 70.2%; 5-year: 41.5% vs 57.2%, P=0.02; Figure 2F ). Regarding the LND, there were 50 (53.8%) patients with LND ≥0.07 and 43 (46.2%) with LND <0.07. Patients with high LND also had worse OS (3-year: 65.2% vs 82.2%; 5-year: 46.5% vs 58.3%, P=0.027; Figure 2G ) and DSS (3-year: 61.6% vs 68.4%; 5-year: 41.6% vs 63.5%, P=0.021; Figure 2H) ; however, the difference in DFS was insignificant (3-year: 61.6% vs 65.0%; 5-year: 41.6% vs 51.2%, P=0.062; Figure 2I ). (Table 2) indicated that DOI ≥4.3 mm was associated with worse OS (P=0.010), DSS (P=0.005), and DFS (P=0.007). PTV ≥0.36 mL was correlated with poorer OS (P=0.037), DSS (P=0.017), and DFS (P=0.024). LND ≥0.07 was related to inferior OS (P=0.031) and DSS (P=0.023); however, the relation was not significant in terms of DFS (P=0.065).
Correlations assessed by Pearson correlation coefficients revealed positive correlations among these three variables (Figure S1 ): DOI and PTV (r=0.876, P<0.0001), DOI and LND (r=0.660, P<0.0001), and PTV and LND (r=0.513, P=0.011). Because the collinearity would lead to highly unstable estimated regression coefficients, the DOI, PTV, and LND were entered separately into different multivariate regression models.
Cox multivariate analysis ( 
Prognostic scoring system
A prognostic scoring system was formulated by summing the significant risk factors, as follows: 0 for PTV <0.36 mL or LND <0.07; one for PTV ≥0.36 mL or LND ≥0.07. There were 16 (17.2%) patients with a score of 0, 36 (38.7%) with a score of 1, and 41 (44.1%) with a score of 2.
The data indicated that a score of 0 showed the best OS (5-year: 60.0%, 56.6%, and 43.5%, respectively, P=0.017; Figure 3A ), DSS (5-year: 76.6%, 56.5%, and 37.9%, respectively, P=0.008; Figure 3B ), and DFS (5-year: 54.4%, 51.4%, and 37.9%, respectively, P=0.025; Figure 3C ) compared with scores 1 and 2.
Discussion
Hypopharyngeal cancer is distinguished from other UADT cancers in anatomical structures and biological behaviors. Concealed anatomy and extensive submucosal spread bring about an initial underestimation of the tumor extent and the presence of multifocal lesions. 7 Cervical metastases are exceptionally frequent due to highly anastomotic lymphatics and signify advanced disease and deteriorated survival. [4] [5] [6] [7] Therapeutic decisions for managing hypopharyngeal cancer remain a crucial matter of debate, especially regarding therapy intensity and sequencing. 21 Postoperative radiotherapy is administered in the case of pT3/4, pN2/3, positive or 43  50  48  34  24  21  14  8  42  33  21  14  12  11  8  7  5  2  6  3  43  50  41  27  23  18  14  7  38  27  18  12  11  10  7  5  4  2  4  3  43  50  41  27  23  18  14  7  38  27  18  12  11  10  7  5  5  2 
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Ye et al close surgical margins, ECS of the LNs, perineural invasion, and lymphovascular invasion, according to the NCCN guidelines. 13 Nevertheless, some patients continue to face a dismal prognosis. 8, 9, 11, 12, 14 Over the past decade, more attention has been directed toward the risk factors of surgical specimens, in addition to tumor-node-metastasis (TNM) staging, that might influence clinical outcomes. [8] [9] [10] [11] [12] [14] [15] [16] [17] [18] Generally, the size and extent of the local spread of the primary tumor and the extent of regional dissemination are chief determinants of the prognosis in this distinct entity.
The DOI reflects the third dimension of the primary tumor. It is not only a quantitative assessment of the deepest anatomical structures reached by the tumor but also a qualitative indicator of the aggressive potential for local infiltration. It is well established that tumor cells with greater malignant potential are prone to invade vertically. 15, 22 The DOI can be considered a product of the biological aggressiveness of the primary tumor and the host's defense to the tumor. Increasing depth is considered to be correlated well with the occurrence of regional nodal disease in hypopharyngeal cancer. 16, 17 However, reports relating to predicting survival are scarce. 15 On the contrary, the PTV encompasses all three dimensions of the tumor adequately. 19, 20 Larger tumor bulk is related to an increased number of clonogenic tumor cells and increased radioresistance due to tumor hypoxia. 23, 24 Additionally, volumetric staging has been documented to be an accurate predictor of prognosis superior to T staging in hypopharyngeal cancer. 9, 10, 18 N+ disease is generally claimed to be the most potent prognostic indicator of early regional relapse, distant metastasis, and inferior survival in patients with hypopharyngeal cancer. 2, 5, 6, 8, 11, 12, 14 N+ hypopharyngeal cancer is staged as III/IV according to the AJCC staging system and is well established as a major matter of concern, with at least a 25% reduction in OS. 5 The LND, incorporating the burden of regional nodal disease with the extent of nodal dissection, addresses the role of neck dissection as both a diagnostic and therapeutic procedure. Assessment accuracy is determined by three essential elements: the standard range of neck dissection, consummate surgical skills, and pathological measurement. The LND has been found to be a better indicator of prognosis in hypopharyngeal cancer than N staging. 8, 11, 12, 14 In summary, the DOI and PTV assess the primary tumor mass, while the LND is a better indicator of the regional nodal burden. The current study clearly shows that higher DOI, PTV, and LND are predictive of poorer prognosis in Figure 3 Kaplan-Meier survival curves of overall survival (A), disease-specific survival (B), and disease-free survival (C) according to the prognostic scoring system. log-rank test, P<0.05. Notes: *scoring according to PTV (primary tumor volume) ≥0.36 ml and lnD (lymph node density) ≥0.07.
hypopharyngeal cancer patients. As the PTV incorporates the DOI in its calculation, we formulated a scoring system using the PTV and LND to define distinct prognostic groups for further analysis. The combination of these two novel prognostic scores had a significant impact on survival prognosis. Current strategies may not be sufficient for patients with one or more of the above risk factors. Although our results are consistent with those of previous related studies, some notable limitations might impede the reliability of these prognostic indicators, such as different cancer entities, 4,15-17 diverse therapeutic strategies, 10, 18 and relatively small populations. [9] [10] [11] 16, 17 Additionally, the volumetric assessment methods adopted are time-consuming, or labor-intensive, or based on nonuniform criteria. 10, 18 The major strengths of our study are the uniform grouping criteria and treatment modalities, as well as the limitation of the analysis specifically to primary hypopharyngeal cancer patients treated surgically with/without adjuvant therapy. Moreover, we incorporated three potential variables and provided further confirmation of the prognostic value greatly expanded by their combination in these patients; to the best of our knowledge, this is the first report to demonstrate these important findings.
The principal limitations are mainly associated with the relatively few included cases and the retrospective nature of the study with potential bias in the patient selection and follow-up data. On the contrary, cross-validation or multiple testing was not established, which may lead to overoptimistic results. The cutoff value of variables determined by ROC analysis neglected the time effect when selecting the morality as the endpoint event. Large-scale prospective trials are needed to validate our results and confirm the clinical significance of these variables in this setting.
Conclusion
Although TNM staging reflects the overall disease status, it does not adequately assess tumor burden or biological activity. Our results suggest that prognostic stratification could be improved with evaluation of the DOI, PTV, and LND for the more appropriate selection of suitable candidates for more aggressive adjuvant therapy.
